. cAMP-stimulated Na ϩ transport in H441 distal lung epithelial cells: role of PKA, phosphatidylinositol 3-kinase, and sgk1.
AMILORIDE-SENSITIVE Na ϩ transport in distal airway and alveolar epithelia provides the driving force for fluid absorption from lumen to interstitial space. This transport process is important at the time of birth for the transition from the fluid-filled air spaces of the fetus in utero to the air-filled airway and alveolar epithelia that are required for efficient gas exchange soon after birth. At birth and throughout life, airway and alveolar fluid transport is tightly regulated to maintain a low lung liquid volume.
In the mammalian lung, Na ϩ transport occurs principally via the hetero-multimeric epithelial Na ϩ channel (ENaC) complex. Gene deletion experiments have confirmed that in the absence of the ␣-ENaC subunit, mice die soon after birth from fluid filling the airway and alveolar lumen (20) . In humans, loss of function mutations in ␣␤-or ␥-ENaC results in a nonlethal lung phenotype characterized by excess airway liquid, chronic cough, and a tendency to contract frequent respiratory infections (26) . Increased airway and alveolar liquid is also seen in many clinical lung disorders, including noninflammatory pulmonary edema and the inflammatory lung injury seen with infectious pneumonitis (2, 9) . In at least some of these disorders, airway and alveolar fluid clearance is diminished and therapies that stimulate airway or alveolar Na ϩ and fluid transport may reduce the extent of initial injury or facilitate recovery from such injury (19, 60) . For example, ␤ 2 -adrenergic agonists increase the rate of alveolar and airway fluid transport in hyperoxic and ventilator-associated lung injury models and in a genetic model of pulmonary edema (28, 44, 52) . ␤ 2 -Adrenergic agonists also appear to prevent high-altitude pulmonary edema in susceptible human subjects (53) .
Two of the more important physiological regulators of Na ϩ transport in the lung are glucocorticoids and catecholamines (9, 36) . Glucocorticoids increase transcription and translation of the ␣-ENaC subunit and that of a regulatory kinase, sgk1 (23, 55) . In turn, sgk1 enhances Na ϩ transport by increasing the number of functional Na ϩ channels at the cell surface (12, 65) . Catecholamines are thought to act via their second messenger, cAMP, because their effects can be reproduced by cAMP analogs (18, 43, 54, 66) . The mechanism of the cAMP effect on distal lung epithelial Na ϩ transport is less well understood but may include short-term posttranslational effects and long-term transcriptional effects (30, 36, 69) .
In this study, we investigate the effects of cAMP on Na ϩ transport in a well-characterized human airway epithelial cell line, H441. Our results show that cAMP stimulates an immediate increase in benzamil-sensitive Na ϩ current that is brefeldin sensitive and is mediated via PKA. We also show that the sustained stimulation of Na ϩ transport involves the activation of PKA, phosphatidyl inositol 3-kinase (PI3-kinase), and p38 MAP kinase and is associated with upregulation of ␣-ENaC mRNA and protein.
METHODS

Materials.
Dexamethasone, forskolin, and 3-isobutyl-1-methylxanthine (IBMX) were purchased from Sigma (St. Louis, MO). Benzamil was from Research Biochemical International (Natick, MA), LY-294002, H89, SB-202190, U0126, rapamycin, brefeldin, and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) were from EMD Biosciences (San Diego, CA), and [␣-32 P]UTP was from NEN Life Science Products (Boston, MA). Culture media were obtained from Life Technologies (Gaithersburg, MD), anti-sgk1 antibody was from Upstate Biotechnology (Charlottesville, VA), the anti-phospho sgk1 antibody was from Santa Cruz Biotechnology (Santa Cruz, CA), the goat anti-rabbit secondary antibody was from Cell Signaling Technology (Beverly, MA), and the ␣-ENaC antibody was a gift from Mark Knepper (NIH, Bethesda, MD).
Measurement of short-circuit current. To measure the short-circuit current (I sc), H441 cells were grown for 4 -7 days in RPMI 1640 with 6% serum and dexamethasone (100 nM) on 12-mm Millicell PCF filters. To determine the effect of cAMP and glucocorticoids on epithelial Na ϩ transport, cells on filters were switched to steroid-free media for 24 h and exposed to 10 M forskolin and 100 M IBMX or to 100 nM dexamethasone for various times. I sc and transepithelial resistance (RT) were measured at various time points in an Ussing chamber with or without 10 M apical benzamil as previously described (22) . In some instances, NPPB was added to filters 15 min before Ussing chamber measurements.
The short-term time-course measurements were conducted in a separate set of chambers designed to accommodate Millicell filter bottom cups bathed in a Krebs-Ringer bicarbonate solution containing (in mM) 115 NaCl, 25 NaHCO 3, 5 KCl, 5 Na-HEPES, 5 H-HEPES, 1.5 CaCl2, 1 MgCl2, 1 Na2HPO4, and 5 D-glucose. The chambers were water-jacketed to 37°C, and electrical measurements were made with a University of Iowa voltage clamp as previously described (21) . HCO 3 Ϫ -containing solutions were gassed with 5% CO2 in air to maintain pH at 7.4.
RNA extraction and RNase protection assay. H441 and COS-7 cells were cultured in RPMI 1640 as described previously (62) . To examine the effects of forskolin ϩ IBMX on gene expression, H441 cell cultures in 6-well plates were switched to serum-free medium and then treated with forskolin ϩ IBMX and/or dexamethasone or vehicle. To determine the time course for gene expression on permeable supports, H441 cells were grown on 30-mm Millicell PCF filters (Millipore, Bedford, MA), switched to serum-free steroid-free media for 24 h, and then exposed to forskolin ϩ IBMX for various times. Total RNA was extracted from H441 as previously described (39) .
Steady-state levels of ␣␤␥-ENaC and sgk1 mRNA were measured by RNase protection assay. RNA samples (10 g) were hybridized with individual radiolabeled antisense cRNA probes along with 18S rRNA (Ambion, Austin, TX) as control for RNA loading. Templates for synthesis of human (h)␣-ENaC-1, h␤-ENaC, h␥-ENaC, and sgk1 cRNA probes have been previously described, as has solution hybridization, nuclease digestion, and identification of nuclease-protected products by PAGE (22, 55, 61) .
Immunoblotting. H441 cells grown on 30-mm Millicell PCF filters were exposed to forskolin ϩ IBMX or vehicle for varying time periods, then directly lysed in 1ϫ Laemmli buffer (1.5% SDS, 6% glycerol, 50 mM Tris, pH 6.8), and protein concentration was determined by spectrofluorometry (1) . For measurement of ␣-ENaC protein levels, protein lysates were resolved by SDS-PAGE on 10% polyacrylamide gels transferred electrophoretically to nitrocellulose (Immobilon-NC, Millipore, Billerica, MA) membranes and probed with an anti-␣ENaC antibody as previously described (34) .
A human sgk1 expression vector was transfected into COS-7 cells, and control protein lysates were prepared as previously described (62) . For measurement of sgk1 and phospho-sgk1 (p-sgk1) in H441 cells, protein lysates from H441 cells were run alongside COS-7 lysates on 7.5% polyacrylamide gels, transferred to PVDF (Immobilon-P, Millipore) membranes, blocked with 5 g/dl nonfat dry milk, and then incubated overnight with 1:1,000 dilution of the primary antibody in PBS containing 0.05% Tween 20 (Roche Biochemicals, Indianapolis, IN) and 5 g/dl nonfat dry milk. After being washed in PBS with 0.05% Tween 20, the membrane was incubated with a 1:3,000 dilution of a horseradish peroxidase-conjugated anti-rabbit secondary antibody. Specific immunolabeling was detected using the SuperSignal West Pico chemiluminescent substrate system (Pierce Biotechnology, Rockford, IL).
RESULTS
We had previously observed that cAMP stimulation increases I sc in H441 cells (22) . To begin to examine the mechanism for this increase, we first examined the effect of forskolin, a direct activator of adenylyl cyclase and IBMX, an inhibitor of cAMP-dependent phosphodiesterase on R T and total and benzamil-sensitive I sc . Our results demonstrate that forskolin ϩ IBMX increases total and benzamil-sensitive I sc , representing Na ϩ transport, by 24 h (Table 1 and Fig. 1A ). As we have previously reported, dexamethasone also stimulated benzamil-sensitive Na ϩ transport (Table 1 and Fig. 1A ). Neither forskolin ϩ IBMX nor dexamethasone had a statistically significant effect on R T . Benzamil-resistant I sc , presumably representing Cl Ϫ secretion, showed a small and inconsistent increase with forskolinϩ IBMX. We then looked at the effect of forskolin and IBMX on short-and long-term stimulation of I sc in the presence and absence of benzamil (Table 2 and Fig.  1B ). In the absence of benzamil, an early peak of I sc was seen within 15 min, and this effect was sustained for ϳ120 min and then gradually diminished with time. Even at the end of 24 h, however, there was sustained stimulation of I sc compared with vehicle-treated controls. In contrast, when filters were pretreated with benzamil, forskolin and IBMX were unable to Values are means Ϯ SE; n ϭ 9 experiments per treatment group. RT, transepithelial resistance; Isc, short-circuit current; Benz, benzamil; IBMX, 3-isobutyl-1-methylxanthine. *P Ͻ 0.005 compared with corresponding baseline Isc; †P Ͻ 0.005 compared with benzamil-sensitive Isc in vehicle-treated filters.
stimulate I sc . To confirm that the effect of forskolin in H441 cells was primarily on Na ϩ transport, we examined the effect of NPPB, a potent Cl Ϫ channel blocker. NPPB had a small effect on basal I sc but had no effect on forskolin-stimulated total or benzamil-sensitive I sc after long-term stimulation (Fig.  1C) . We then examined the effect of NPPB on the short-term effect of forskolin and IBMX. NPPB appeared to delay the rise in I sc seen but did not diminish the amplitude of current. In both instances, the I sc was completely inhibited by benzamil, which was added at the end of the experiment (Fig. 1C) . These results indicate that H441 cells, in contrast to many other airway epithelia, do not appear to have a significant cAMPstimulated Cl Ϫ current. We then began to determine the intracellular pathways involved in cAMP-regulated Na ϩ transport. It is known that cAMP can stimulate several separate pathways in cells or tissues to accomplish various cellular functions, including activation of PKA, and the stimulation of PI3-kinase (11, 16, 40, 51) . We tested the role of PKA by using H89, a specific PKA inhibitor and the role of PI3-kinase by using LY-294002, a specific PI3-kinase inhibitor. Both H89 and LY-294002 reduced I sc stimulated by forskolin and IBMX ( Fig. 2A) . PI3-kinase inhibition also reduced basal I sc and R T significantly. These results indicate that PI3-kinase is an important modulator of basal current. In addition, inhibiting PI3-kinase activity decreases the transport response to cAMP. The cAMPstimulated Na ϩ transport is also inhibited by H89, indicating that the cAMP effect occurs via activation of PKA.
We also tested the effect of H89 and LY-294002 on dexamethasone-stimulated I sc . LY-294002 but not H89 reduced basal and dexamethasone-stimulated I sc , though both agents reduced R T (Fig. 2B) . Inhibition of PI3-kinase activity reduces the dexamethasone response similar to that seen with elevation of cAMP. In contrast to the cAMP effect, glucocorticoidstimulated Na ϩ transport is not inhibitable by H89. Interestingly, although H89 reduces R T this is not associated with an inhibition of glucocorticoid-responsive I sc , indicating that a primary reduction in R T of that magnitude is not sufficient to reduce I sc .
Elevated cAMP levels can also lead to activation of p70 S6 kinase and the regulation of guanine nucleotide exchange factors (GEFs) (16, 48, 51) . cAMP-regulated GEFS, in turn, activate small-molecular-weight GTP-binding proteins, such as Rap1 and Ras, with downstream effects on MAP kinases (25, 63) . Activation of PKA and PI3-kinase can also in some instances stimulate MAP kinase activity in a Ras-dependent or -independent fashion (32). We, therefore, examined the effect of the MEK inhibitor U0126, the p38 MAP kinase inhibitor SB-202190, and the p70 S6 kinase inhibitor rapamycin on I sc in H441 cells. Whereas SB-202190 inhibited cAMP-stimulated I sc , rapamycin and U0126 had no effect on I sc (Fig. 3) . None of the kinase inhibitors had any effect on R T (data not shown).
Because our data demonstrated that long-term activation of cAMP stimulates Na ϩ transport, we tested the effect of forskolin ϩ IBMX on steady-state levels of ENaC subunits and on sgk1 mRNA, a kinase that is known to regulate ENaC-mediated Na ϩ transport. H441 cells were exposed to forskolin ϩ IBMX for varying periods and ␣␤␥-ENaC and sgk1 mRNA measured by RNase protection assay in these cells. There was no effect of cAMP stimulation on steady-state levels of ␤␥-ENaC and sgk1 mRNA (Fig. 4) , though dexamethasone increased all three transcripts as we have previously described (22) . cAMP increased ␣-ENaC mRNA expression though this effect was only seen at 24 h and not at earlier time points (Fig.  5) . The effect of cAMP was additive to the effect of dexamethasone, suggesting that these agents act through distinct pathways to increase ␣-ENaC expression (Fig. 5) .
To determine whether the increase in ␣-ENaC mRNA was associated with a corresponding increase in protein we measured ␣-ENaC protein in H441 cells. Treatment with forskolin ϩ IBMX increased ␣-ENaC protein levels at 24 and 48 h (Fig. 6A) . We also examined the effect of cAMP stimulation on sgk1 protein, reasoning that cAMP could have a posttranscriptional effect on sgk protein. As a positive control, we used lysates from COS-7 cells expressing an epitope-tagged sgk1. We saw no effect of cAMP on sgk1 protein though dexamethasone increased sgk1 protein (Fig. 6, B and C) .
We then examined the early effect of forskolin ϩ IBMX on Na ϩ transport in H441 cells. As we have previously reported, within 5 min of cAMP stimulation, I sc begins to increase and peaks by 20 -25 min (Fig. 7A) . At peak stimulation, we used benzamil, to demonstrate that almost all of the I sc that is seen with and without cAMP stimulation is inhibitable by benzamil. Our results show that after short-term exposure, cAMP does not stimulate a Cl Ϫ current in these cells. We then examined the effect of LY-294002 and H89 on short-term I sc . Our data demonstrates that H89 completely blocks the rise in I sc seen with cAMP, whereas the effect of LY is more limited (Fig. 7A) .
Elevation of cAMP could increase Na ϩ transport within a few minutes by one of at least three nonexclusive mechanisms. These include increased insertion of channels at the apical membrane, increased retention of channels at the apical membrane, or an alteration in the open probability of channels resident at the cell surface. We tested the effect of brefeldin A, which blocks translocation of proteins from the endoplasmic reticulum to the Golgi complex and thus prevents newly synthesized channels from reaching the cell surface. Brefeldin A abolished the increase in I sc seen with cAMP (Fig. 7B) , indicating that the cAMP effect is mediated, at least in part, via an increased delivery of transport proteins to the apical membrane. We also tested the effect of SB-202190, a p38 MAP kinase inhibitor that reduced long-term cAMP stimulation, and showed that SB-202190 did not alter the short-term effects of forskolin ϩ IBMX. Collectively, these data demonstrate that the immediate and the sustained effects of cAMP on Na ϩ transport occur via distinct pathways.
The short-term effects of cAMP on Na ϩ transport are likely to be secondary to posttranslational effects on the Na ϩ channel. Because cAMP is known to phosphorylate sgk1 in other cell systems and because sgk1 can stimulate ENaC-mediated Na ϩ transport, we asked whether cAMP would induce the phosphorylation of sgk1 in H441 cells. A p-sgk1-specific antibody detected increasing p-sgk1 in short-term cAMP-stimulated H441 cells with a robust effect seen by 60 min (Fig. 8) . We were unable to reliably detect p-sgk at 5 min, the time point at which forskolin-stimulated I sc begins to increase. These results are, however, consistent with a model where the early effects of cAMP on Na ϩ transport may be mediated via activation of sgk1.
DISCUSSION
Active sodium transport in the distal lung is the driving force for iso-osmolar fluid clearance in the distal lung. cAMP is an important second messenger that stimulates Na ϩ transport in the lung and is thought to mediate the actions of hormones, like catecholamines and arginine vasopressin in fetal and adult lung epithelia (35, 36) . cAMP also stimulates Cl Ϫ secretion in lung epithelia in vitro and in vivo, especially in the fetal lung, where there is net secretion of fluid (37, 38, 46, 59, 66) .
The H441 cell line, established from a papillary adenocarcinoma of the lung, has morphological and phenotypic characteristics of human bronchiolar epithelium. These cells express surfactant proteins and the Clara cell CC-10 protein and have highly selective low-conductance sodium channels with the biophysical properties of the ␣␤␥-ENaC multimer (22, 45) . Glucocorticoids stimulate benzamil-sensitive Na ϩ transport in these cells associated with the induction of ␣␤␥-ENaC and sgk1. We (22) and others (29) have recently reported that cAMP stimulates Na ϩ transport in these cells.
In this study, we explore the mechanism of the cAMP effect in some detail. We show that after 24 h of exposure to forskolin ϩ IBMX there is a substantial increase in benzamilsensitive I sc , indicative of Na ϩ transport and that this increase occurs in the absence of an increase in the benzamil-resistant Fig. 6 . Effect of cAMP on ␣-ENaC and sgk1 protein expression. A: H441 cells were treated with FϩI or vehicle for various time periods, and cell lysates (40 g) resolved by PAGE, then ␣-ENaC protein levels were detected by immunoblotting. There is an increase in ␣-ENaC protein at 24 and 48 h. B: H441 cells were treated with FϩI for various time periods, and cell lysates (400 g) were resolved by PAGE, then total sgk1 protein levels were detected by immunoblotting. As a positive control, COS-7 lysates overexpressing epitope-tagged sgk1 were run in lane 1. There is no increase in sgk1 with cAMP stimulation. C: dex (100 nM) for 24 h increased sgk1 protein expression in H441 cells. As a positive control, COS-7 lysates overexpressing epitope-tagged sgk1 were run in lane 1. I sc , suggesting that there is very little if any cAMP-stimulable Cl Ϫ current. We confirmed the lack of Cl Ϫ current by demonstrating that the forskolin-stimulated response was largely preserved in the presence of NPPB. These results are in agreement with a recent report that forskolin increased the number and open probability of ENaC-type channels in H441 cells (29) . The reported increase in Na ϩ transport in that study was not associated with Cl Ϫ influx or hyperpolarization of the membrane. H441 cells have been shown to express CFTR mRNA and protein, though functional activity has not been previously reported (27) . Our results suggest that the little benzamil-resistant I sc seen in H441 cells may be secondary to a CFTR or non-CFTR Cl Ϫ channel. Earlier studies in airway cells had indicated that cAMPstimulated Na ϩ transport may be secondary to the activation of an apical Cl Ϫ channel, which hyperpolarizes the cell and provides the driving force for Na ϩ movement (24) . However, cytosolic cAMP can increase the activity of Na ϩ channel in patch-clamp experiments, demonstrating an effect independent of Cl Ϫ entry (30, 69) . The increase in cAMP-mediated Na ϩ transport can also be seen when Cl Ϫ entry is blocked by glibenclamide in fetal rat distal lung epithelia and is not seen when Na ϩ is substituted with N-methyl-D-glucamine (8, 29) . Our studies thus support the conclusion that cAMP stimulation of Na ϩ entry does not require sustained Cl Ϫ transport. The long-term effect of cAMP and dexamethasone on Na ϩ transport is substantially reduced by LY-294002, whereas H89 abolishes cAMP-stimulated, but has no effect on dexamethasone-stimulated, current. The importance of the PI3-kinase pathway to Na ϩ transport has previously been reported in A6 cells, an amphibian cell line that is used as a model of the renal collecting duct. In these cells, LY-294002 inhibits insulin, arginine vasopressin, and aldosterone-stimulated Na ϩ transport (4, 13, 50, 67) . Our data indicate that the PI3-kinase pathway is required for regulated basal and cAMP-stimulated Na ϩ transport in human lung epithelia as well. We noted that PKA and p38 MAP kinase activation is also important for the sustained cAMP response.
The sustained effect of cAMP on Na ϩ transport is associated with an increase in the steady-state levels of ␣-ENaC mRNA and protein with no effect on other ENaC subunits or on sgk. cAMP has also been shown to stimulate ␣-ENaC mRNA expression in adult rat alveolar epithelial cells (10) . In these cells, the stimulation by cAMP was abolished by actinomycin D, an effect that we have also seen (data not shown), suggesting that cAMP stimulates transcription of the ␣-ENaC gene. However, we and others have not been able to demonstrate a functional cAMP-responsive cis-element in the proximal 5Ј flanking region of ␣-ENaC gene (10) . This may indicate that the regulatory elements required for cAMP stimulation are elsewhere in the gene or flanking regions. In our studies, we show that the effect of cAMP and glucocorticoids on ␣-ENaC expression are additive. This, together with the discordant effect of H89 on long-term cAMP-and glucocorticoid-regulated Na ϩ transport, indicates that these agents activate parallel and distinct pathways.
As has been reported by others in alveolar and airway epithelia, we noted a rapid effect of forskolin ϩ IBMX on I sc in H441 cells. These early effects are also not associated with an increase in Cl Ϫ current. The early effect of cAMP on Na ϩ transport is mediated via PKA, is sensitive to brefeldin, and is associated with phosphorylation of sgk1. In recently published studies terbutaline was shown to increase the abundance of ␤␥-ENaC protein at the cell surface of rat alveolar type II cells exposed to hypoxia (49) . In other studies, cAMP was shown to increase the number of highly selective Na ϩ channels in rat alveolar type II cells and in H441 cells by patch-clamp analysis performed in cell-attached mode (7, 29) . On expressing ENaC subunits in Fisher rat thyroid and Madin Darby canine kidney cells or in Xenopus oocytes, cAMP stimulates Na ϩ transport by increasing cell surface expression of ENaC (15, 41, 57) . Our findings with brefeldin A are thus consistent with a model where cAMP stimulates the translocation of preexisting ENaC subunits to the cell surface.
Sgk1 is fairly widely expressed in mammalian tissues with the highest levels seen in the ovary, thymus, and lung (68) . In situ hybridization studies in human lung confirm that sgk1 is expressed in alveolar type II cells and in bronchiolar epithelium (31, 65) . Sgk1 significantly enhance Na ϩ current when coexpressed with ␣␤␥-ENaC mRNA in Xenopus oocytes and in Fisher rat thyroid epithelia (6, 42, 58, 64, 65) . This effect of sgk1 is achieved by increasing the number of ENaC channels assembled at the cell surface (12, 65) . The effect of sgk1 may not be limited to trafficking of ENaC subunits. Recent data (5, 14, 56, 70, 71) suggest that sgk1 may also increase the cell surface expression of a number of ion transport proteins, including Na ϩ -K ϩ -ATPase, the K ϩ channels Kir1.1 and KCNE, the sodium channel SCN5A, and the sodium proton exchanger NHE3. Because cAMP can increase the activity of the basolateral Na ϩ -K ϩ -ATPase, our findings are also consistent with a primary effect of cAMP to increase Na ϩ pump number or activity in H441 cells (3) .
How might cAMP affect activation and function of sgk1? When heterologously expressed in COS-7 cells, cAMP analogs activate sgk1 by phosphorylation of Thr369 and Ser422 in a PKA-and PI3-kinase-dependent process (47) . In ovarian granulosa cells, cAMP activation leads to phosphorylation of sgk1, in a complex process that appears to involve PKA, PI3-kinase, and p38 MAP kinase (17) . In H441 cells we demonstrate that cAMP-stimulated Na ϩ transport is associated with phosphorylation of sgk. Thus cAMP-mediated activation of sgk1 in airway epithelia could result in enhanced trafficking of ENaC to the cell surface and increased Na ϩ transport within a few minutes of stimulation. We were, however, unable to detect phosphorylation of sgk before 15 min and preceding the increase in Na ϩ transport. On the basis of these data, we cannot conclude that activation of sgk is required for the cAMP effect on Na ϩ transport. The sustained effect of cAMP, on the other hand, is associated with the synthesis of new ␣ENaC subunits. These results are reminiscent of the effect of aldosterone on Na ϩ transport, where an increase in sgk1 in seen first, which increases surface expression of preexisting channels, followed by an increase in transcription of ENaC subunits (33) .
